
Preprint 
UCRL- JC-148545 

A 2-Liter, 2000 MPa Air 
Source for the Radiatively 
Driven Hypersonic Wind 
Tunnel 

M. Costantino, D. Lomus 

This article was submitted to 
22"d American Institute of Aeronautics and Astronautics 
Aerodynamic Measurement Technology and Ground Testing 
Conference, St. Louis, MO, June 24-26, 2002 

US. Department of Energy 

May 30,2002 

Approved for public release; further dissemination unlimited 



I 

DISCLAIMER 

This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States 
Government or the University of California. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or the University of California, and 
shall not be used for advertising or product endorsement purposes. 

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be 
made before publication, this preprint is made available with the understanding that it will not be cited 
or reproduced without the permission of the author. 

This report has been reproduced directly from the best available copy. 

Available electronically at http: / /www .doc.eov/bn - 
Available for a processing fee to U.S. Department of Energy 

And its contractors in paper from 
U.S. Department of Energy 

Office of Scientific and Technical Information 
P.O. Box 62 

Oak Ridge, TN 37831-0062 
Telephone: (865) 576-8401 
Facsimile: (865) 576-5728 

E-mail: LeportsGladonis .ostl.w . 

Available for the sale to the public from 
U.S. Department of Commerce 

National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22161 

Telephone: (800) 553-6847 
Facsimile: (703) 605-6900 

Online ordering: &Q: / /www.w.Eov/orderinp.h 
E-mail: srders@ntis.fedworld .= 

OR 

Lawrence Livermore National Laboratory 
Technical Information Department's Digital Library 

http://www.llnl.gov/tid/Library.html 

http://www.llnl.gov/tid/Library.html


ABSTRACT. The A2 LITE is a 2 liter, 2000 MPa, 750 K ultra-high pressure (UHP) vessel used t o  
demonstrate UHP technology and to provide an air flow for wind tunnel nozzle development. It is 
the largest volume UHP vessel in the world. The design is based on a 1OO:l  pressure intensification 
using a hydraulic ram as a low pressure driver and a three-layer compound cylinder UHP section. 
Active control of the 900 mm piston stroke in the 63.5 mm bore permits pressure-time profiles 
ranging from static to constant pressure during flow through a 1 mm throat diameter nozzle for 1 
second. 

1 INTRODUCTION 

The Radiatively Driven Hypersonic Wind 
Tunnel (RDHWT)’ design concept for the 
Medium Scale Hypersonic Wind Tunnel 
(MSHWT) requires an ultra-high pressure 
(UHP) air source. The UHP section must have 
pressure-temperature conditions to provide 
about 30-40% of the total enthalpy in the 
process at low entropy, and must have a vol- 
ume large enough to meet mass flow rate and 
flow time requirements. The present design 
point for the MSHWT UHP source is 
2300MPa (333,500Psi) and 750K, with a 
flow time of 1 second at a flow rate of about 
165 kg/s. The latter translate to a UHP vol- 
ume of about 150 liters. References 2 and 3 
contain a discussion of the design concept for 
the UHP source for both the MSHWT and a 
full-scale test fa~ility.2,~ 

The “A2 LITE” is a UHP technology 
demonstrator and an air source for nozzle sur- 
vivability experiments. The 2000 m a ,  750 K 
operating point in an initial volume of 
2.17 liters makes it the largest UHP 
(P > 1500 MPa) pressure vessel in the world. 
An active control system provides an opera- 
tional envelope of 0 < P < 2000 MPa, 
300 K < T < 750 K for pressure-time profiles 
from static to constant pressure flow through 
a 1.4 mm diameter nozzle for 1 s. The design 
manages programmatic risk by using accepted 
engineering practices and Environmental, 
Safetyy and Health risk by containing energy 
sources in ASME-rated containers or in engi- 
neered barricades. 

This article is a description of the design of 
the A2 LITE and its supporting systems. 

Figure 0 Schematic of the Ultra-High Pressure Test Facility at MSE-TA. For scale, the Outer Vessel is 
2440 mm long and 914 mm in diameter. 
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blast and fragments. A portion of the shell is 
removable to permit easy access to the UHP 
piston and various diagnostics. The hydraulic 
ram is a commercial Model SH24x36HPCY 
Service Hydraulics, Auburn, WA) design hav- 
ing a 610 mm diameter low pressure piston 
and a 356 mm diameter ram with a 914 mm 
extension. The overall retracted length of the 
hydraulic ram is 2134 mm. The ram produces 
10 MN force at a hydraulic operating pressure 
of 34.5 MPa. At full extension, the angular 
tolerance of the ram piston from its reference 
axis is 0.03 degrees to control the eccentric 
load on the UHP piston. The external load 
frame is a four post design with an open space 
1067 mm wide and 5500 mm long with four, 
152 mm diameter, AIS1 1045 steel tie rods. 

2.3 Energy Storage and Transfer 
Approximately 56 MJ of isentropic expansion 
energy is stored in 34.5 MPa room tempera- 
ture nitrogen in five ASME-stamped cylinders 
(Tobul Accumulator, Bamberg, SC); each 
4994 mm long, 406 mm OD, 305 mm ID with 
a 341 liter volume. The cylinders are charged 
using a commercial pump (Model C45-7.5- 
2FX, Hydro-Pac, Inc., Fairview, PA), drawing 
nitrogen from a liquid nitrogen boil-off mani- 
fold. The nitrogen storage system is sized t o  
provide positive control of the flow through 
the fast acting valves over a full operational 
cycle. 

A 1 : 1 accumulator/separator (Model 
16A50-720, Tobul Accumulator, Bamberg, 
SC) having a working volume of 340 liters 
converts gas energy to hydraulic fluid energy. 
The hydraulic side of the separator, with the 
piston fully displaced, contains enough fluid t o  
fill the hydraulic ram at its full displacement. 
In preparation for an operational cycle, an 
auxiliary hydraulic pump pressurizes the sepa- 
rator and the piping volume between the sepa- 
rator and the fast acting valves to a pressure 
greater than the nitrogen pressure in the stor- 
age system. This forces the nitrogen in the 
separator to flow back into the storage system 
and provides the initial upstream hydraulic 
pressure at the fast acting valves. 

Two fast acting, air actuated globe valves 
(Model 2500CL Mark One, 2” and 6”; Flows- 
erve Corp, Valtek Control Products, Spring- 
field, UT) are in parallel between the separator 

and the hydraulic ram. The combination of 2” 
and 6” valves provides control for flow rates 
between 0.6 and 200 liters/s. The valves have 
a response time of 200 ms full-closed to full- 
open. A manifold of 15, 2”flexible hoses 
connects the downstream side of the valves t o  
the hydraulic ram. 

2.4 Instrumentation and Control 
The instrumentation and control system is 
based on National Instruments computer 
hardware and software. The status and inter- 
lock architecture supports the various modes 
of systems checks and operational cycles. A 
commercial application, EASY5 by Boeing 
Co.; is used to model the gashydraulic system 
from the nitrogen storage tanks to the work- 
ing gas exiting the nozzle. The code includes 
the real gas Equations of State for nitrogen, 
helium, and air. 

An input profile for UHP piston displace- 
ment, UHP piston speed, or working gas pres- 
sure vs. time is compared to the appropriate 
diagnostic to generate an error signal. The sig- 
nal actively controls the flow through the 
main or trim control valves. Section 5.1 is a 
discussion of the control system. 

3 UHPVESSEL 

The UHP vessel (Figure 3), the largest volume 
UHP (greater than 1500 MPa) vessel of which 
we are aware, is a three layer, open ended 
compound cylinder. A fourth layer, a 
304 stainless steel safety ring, absorbs elastic 
strain energy upon failure of one of the inner 
three layers. The vessel has a 63.5 mm inside 
diameter; an overall 635 mm outside diameter; 
and is 1130 mm long. The working volume is 
2.17 liters. 

Layer 1 is a monolithic, thick walled cylin- 
der of 350-grade maraging steel. The material 
provides the highest strength, both at ambient 
and at temperatures to about 800 K of the su- 
per alloys. Additionally, it provides reasonably 
good oxidation resistance, is economically 
machinable, and is reliably heat treatable in ar- 
bitrarily large sections. There was no measur- 
able shape change of the 63.5 mm diameter 
bore over the 1130 mm length of the part as a 
result of heat treating, although the part did 
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MPB/G400-0 1 , Sensotec, Inc., Columbus, 
OH), which is fitted to the piston of the hy- 
draulic ram. 

4 ULTRAHIGH PRESSURE TEST 
FACILITY 

Figure 1 shows a view of the Ultra-High 
Pressure Test Facility at MSE-TA, Inc. in 
Butte, MT. The xxx m2 laboratory space is 
blast-rated for xxx lbs equivalent TNT energy. 
Operations at pressures greater than 40 MPa 
are executed remotely from a control room 
outside the blast-protected area. The normal 
operational cycle blowdown through the noz- 
zle results in noise levels in excess of 140 dB 
for more than 1 second. 

In a typical experiment cycle, approxi- 
mately 5(107) J energy for the process is 
stored in five receivers, each with 340 liters 
nitrogen pressurized to 29MPa using a 
3 10 MPa compressor. An auxiliary hydraulic 
pump (Hydra Power Systems, Portland, OR ) 
moves the separator piston in the 
gashydraulic accumulator, raising the gas pres- 
sure in the receivers to 34 MPa. Service air 
(0.7 MPa) moves the piston of the hydraulic 
ram to its fully retracted position. The 
3 10 MPa compressor then pre-pressurizes the 
UHP vessel to the desired starting pressure to  
complete preparation for the cycle. The re- 
mainder of the cycle is controlled manually or 
automatically using the control system de- 
scribed in the next section. 

5 CONTROL SYSTEM AND PROCESS 
MODLEING 

5.1 Control System 
The UHPTF control system uses National 

Instruments Labview software as a graphical 
environment for the data acquisition system 
(DAQ), the instrumentation and control sys- 
tem, and the human-machine interface. The 
Supervisory Control Module is used for I/O 
configuration, data logging, alarm and event 
management, programmable logic controller 
(PLC) connectivity, and DAQ initiation. 
Three computer stations, the Computer Op- 

erator Station (COS) in the control room, the 
Remote Computer Operator Station (RCOS) in 
the test bay, and the Remote Monitoring Sta- 
tion (RMS) for real-time viewing of data in 
the control room are networked using 
Ethernet Media 10 Base-T. Field connections 
are made using an Allen Bradley PLC, which 
contains analog and discrete input and output 
cards connected to field instruments and 
equipment, ladder logic control code, and 
Ethernet communications connectivity. 

There are two control modes: 1) manual 
control to perform low speed movement of 
the UHP piston and 2) automatic control t o  
perform all other cycles. A single-loop analog 
controller controls the 6-inch and the 2-inch 
hydraulic valves using a proportional-integral 
algorithm. The control loop can be configured 
to use UHP piston velocity, piston position, 
or hydraulic ram pressure as the controlled 
process variable. This loop uses a Modicon 
Momentum PLC (Model 171CCC98020, 
Schneider Electric Co., Paris, France) as a 
standalone setpoint generator that provides a 
4 - 20 mA output signal to the analog con- 
troller for use as a reference signal. Setpoint 
values for the full operational cycle are 
downloaded to the PLC before the start of a 
cycle using an Ethernet connection. The rate 
of setpoint changes from the PLC to the 
analog controller is set to 10 msec. 

A standalone Modicon PLC provides a 
separate safeing system for the test facility. 
Its purpose is to monitor selected parameters; 
including piston position, piston speed, piston 
acceleration, and ram pressure, for out of 
range conditions. The PLC compares values of 
those four parameters, set based on the ex- 
pected response for each cycle, to preset 
alarm limits. If an alarm limit is exceeded, an 
output contact closes and sends a signal t o  
close the hydraulic control valves at their 
maximum rate of 200 msec fiom full-open t o  
full-closed.The A2 LITE is filly instrumented 
for pressure, temperature, acceleration, posi- 
tion, speed, strain, flow, and load. There are 
approximately 75 instruments and control 
valves under computer control, including those 
on vendor-provided equipment, such as the gas 
compressor and the hydraulic pump. Eighty 
data channels fiom the intensifier are acquired 
using a National Instruments DAQ system in a 
standalone cabinet in the test bay. The DAQ 
processor is a client of the COS and RCOS on 
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an Ethernet local area network. Four DAQ 
cards make four types of measurements at dif- 
ferent rates: 1)up to 64 thermocouple meas- 
urements at a maximum rate of 5,000 samples 
per second, 2)up to 32 thermocouple meas- 
urements at a maximum rate of 10,000 Sam- 
ples per second, 3) up to 32 strain gaugebridge 
measurements at a maximum rate of 10,000 
samples per second, and 4) up to 32 differen- 
tial or 64 single ended low voltage measure- 
ments at a maximum rate of 10,000 samples 
per second. A discrete timing signal fiom the 
main control computer initiates the DAQ sys- 
tem during a cycle. 

5.2 Process Modeling 
A commercial dynamic model- 

ing/simulation software package, EASY5 (Me- 
chanical Dynamics, Ann Arbor, MI), is used to  
develop hardware specifications and to model 
system performance. EASY5 features a 
graphical user interface coupled with prede- 
fined models which are used as building blocks 
to create complex models with relative ease. 
The user-defined gas feature models the real 
gas properties of air, nitrogen, and helium t o  
pressures of 2000 MPa at temperatures from 
280 K to 2000 K. Parameter changes, includ- 
ing initial conditions, do not require rebuilding 
the model, allowing rapid parametric design 
studies. Any computed variable may be plotted 
versus time or any other computed variable as 
the simulation proceeds. 

Detailed models have been created for the 
nitrogen receivers, hydraulic accumulator, 
control valves, hydraulic ram, and UHP vessel 
(including the nozzle). The analog control sys- 
tem for the hydraulic control valves also is 
modeled in some detail. Simulations show that 
the system performance is governed by the 
performance of the hydraulic control valve, 
resulting in a significant effort to procure a 
suitably fast and accurate valve. 

A representative result fiom the EASY5 
simulation is shown in Figure 7 for the case of 
a high-velocity, high-pressure cycle in the 
velocity control mode. The velocity profile 
used as a control ramped linearly to 0.5 m/s 
(20 inches /sec) over the first 0.35 seconds, 
held this velocity for 1.4 seconds, and then 
ramped down to zero in 0.05 seconds. A small 
disturbance is seen just as the valve first opens 

due to entrained air, which is included in the 
model. The piston velocity lags the input pro- 
file as the valve continues to open and hy- 
draulic fluid flows. As the pressure in the UHP 
vessel increases, the control system has trou- 

Figure 7. Typical output of a simulation using 
EASY5. The dashed line is the control velocity for 
the UHP piston and the solid line is the model simu- 
lation. The rupture disk that opens the nozzle to flow 
functions at about 0.78 s at 2000 MPa. 

ble with the increasingly incompressible gas 
(the model uses a real gas Equation of State) 
and piston velocity slows until the rupture disk 
at the nozzle exit opens at 2000 MPa at 0.78 
seconds into the simulation. The high gains in 
the control system result in a small amount of 
ringing just after the rupture disk opens. The 
velocity profile is quite flat during the remain- 
der of the cycle, while the working gas (nitro- 
gen for this example) flows out through the 
nozzle. At the end of the stroke the velocity 
is decreased and the hydraulic control valve is 
closed at its maximum rate. 
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